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1.0 I n t r o d u c t i o n  

The upsurge o f  i n t e r e s t  i n  the  l a s t  several years i n  fue l  c e l l  research i s  
abundant ly documented i n  t h e  l i t e r a t u r e  found i n  s c i e n t i f i c ,  engineer ing and bus i -  
ness a r t i c l e s .  
f i e l d  and t o  assess i t s  accomplishments, i t s  present s ta tus ,  and take a look a t  fu-  
t u r e  development in  t h a t  area. 

I t may be o f  va lue  t o  draw our thoughts together  i n  one area o f  t h i s  

I n  t h i s  paper we s h a l l  concen t ra te  on the  a p p l i c a t i o n s  o f  semipermeable mem- 
branes, i n  p a r t i c u l a r ,  ion-membrane fue l  c e l  Is. Most rep resen ta t i ve  o f  t h i s  group 
a r e  the s i n g l e  membrane f u e l  c e l  1 (Reference 1 )  t h e  dual membrane f u e l  c e l l  (Refer- 
ence 2) and a s i g n i f i c a n t  h y b r i d ,  t h e  gas - l i qu id  s i n g l e  membrane f u e l  c e l l  (Refer-  
ence 3). 

I t  may be o f  va lue t o  rev iew b r i e f l y  t he  advantages and disadvantages o f  an 
ion-membrane f u e l  c e l l  i n  comparison w i t h  fue l  c e l l s  w i t h  porous e lec t rode  and l i q u i d  il 
e l e c t r o l y t e s .  Some o f  t h e  advantages a re :  

1 .  The c o n s t r u c t i o n  o f  e l e c t r o d e - c a t a l y s t  con f i gu ra t i ons  i s  non- 
c r i t i c a l  - t h e  exact  s i z i n g  o f  e lec t rode  pores, the c r i t i c a l i t y  
o f  c a t a l y s t  d e p o s i t i o n ' a n d  t h e  requirements f o r  water p roo f i ng  
a r e  a l l  minimized. 

2. No loss o f  gaseous reac tan ts  due t o  pore inexact i tude.  The gase- 
ous reactants  cannot b e  l o s t  t o  tne  e i e c t r o i y c e  but  si i i ip :y  i d ~ o u n d  
back i n t o  t h e  gas chamber i f  they  do n o t  react .  

3. Compactness. 

4. L i g h t  weight. 

The disadvantages i n  t h e  ion-membrane f u e l  c e l l  are: 
l l  

1 .  Only moderate c u r r e n t  d e n s i t i e s  have been achievable al though the  
compactness o f  c o n f i g u r a t i o n s  m i t i g a t e s  t h i s  problem t o  some extent .  

2. Heat removal i s  more d i f f i c u l t  than i n  systems where an e l e c t r o l y t e  
can be c i r c u l a t e d ;  f o r  example, approximately 40-5G% the r e a l i z a b l e  
power in  a f u e l  c e l l  ends up as heat. The Hydrogen-Bromine Fuel C e l l  
(HBFC) and t h e  Dual Membrane Fuel C e l l  (DMFC) descr ibed l a t e r  repre-  
sent compromises i n s t i t u t e d  t o  overcome t h i s  problem. 

3. The most h i g h l y  developed ion-membrane fue l  c e l l s  a r e  organic  and 
t h e r e f o r e  s e n s i t i v e  t o  heat even when they a r e  i n  an aqueous en- 
v i  ronmen t . 

4. Water removal f rom e l e c t r o d e - c a t a l y s t  s i t e  represents a v a r i a b l e  



I 

which i s  d i f f i c u l t  t o  c o n t r o l  q u a n t i t a t i v e l y  and d i r e c t l y  in -  
f luences vo l tage output .  

The bas i c  membrane used i n  the  t h r e e  genera l ized c o n f i g u r a t i o n s  descr ibed 

I n  b o t h  cases t h e  polymers 
below a r e  o f  two phys ica l  species - a homogeneous f a b r i c  supported polymer (Refer- 
ence 4) and a g r a f t e d  polymeric type (Reference,5). 
a r e  su l fona ted  polystyrenes cross l i n k e d  t o  a g rea te r  o r  l esse r  extent .  
nisa: o f  ope ra t i on  o f  t he  membrane, however, d i f f e r s  app rec iab l y  i n  t h e  t h r e e  type 
o f  f u e l  c e l l s  t o  be discussed. Sketches o f  t he  th ree  types o f  f u e l  c e l l s  a r e  repre-  
sented i n  F igu re  1 .  

The mecha- 

A l l  o f  t h e  fue l  c e l l s  descr ibed i n  F igure 1 have been amply descr ibed i n  t h e  
l i t e r a t u r e  (Reference 1, 2, 3, 6 ,  7, 8). 
t h e  main purpose here i s  t o  de lve more i n t o  the  l i m i t i n g  f a c t o r s  inherent  i n  the 
opera t i on  o f  such devices. 

i s  i l l u s t r a t e d .  H i s  converted t o  H a t  t h e  anode, e lec t rom ig ra tes  tzrough the 
membrane and un i tes  w i t h  a reduced O2 species a t  t h e  cathode t o  form water which 
mus t be removed. 

Only b r i e f  d e s c r i p t i o n s  w i l l  be given s ince  

I n  F igure 1-A, t h e  S ing le  Membrane Fuel C e l l  which uses H2 and 0 as reactants  

2 

I n  F igure 1 - B y  t h e  Hydrogen-Bromine Fuel C e l l ,  t he  anode r e a c t i o n  i s  

H~->ZH+ + 2e 

and t h e  cathode reac t i on  
- 

B r 2  + 2e->2Br 

The ne t  r e s u l t  o f  the reac t i on  i s  t he  format ion o f  H B r  i n  t h e  aqueous ca tho ly te .  

F i n a l l y  i n  F igure I -C ,  t h e  Dual Membrane Fuel C e l l ,  t h e  anode and cathode 
reac t i ons  a r e  i d e n t i c a l  t o  those i n  t h e  S ing le  Membrane Fuel Ce l l .  The d i f f e r e n c e  
i n  these c e l l s  i s  t h a t  i n  t h e  former a l aye r  o f  H SO i s  found between two membranes 
which serves t o  improve water balance problems an$ a t s o  func t i ons  as a heat t r a n s f e r  
f l u i d .  

1.1 S ing le  Membrane Fuel C e l l  

The S ing le  Membrane Fuel C e l l  (SMFC) i s  t h e  system,which has been most in- 
t e n s i v e l y  i nves t i ga ted  i n  t h e  l a s t  few years. The membrane used i n  t h i s  case i s  a 
complete ly  water l eac lpd  ion-membrane where a l l  o f  t he  e l e c t r i c a l  t ranspor t  i s  due 
t o  the  m i g r a t i o n  o f  H 
u n t i l  water i s  formed a t  t he  cathode. 

i o n  formed a t  t he  anode from one s u l f o n i c  a c i d  group t o  another 

I f  the  ion  exchange membrane i s  considered a polymer network o f  a l i n e a r  o r  
branched v a r i e t y  c ross l i nked  a t ' v a r i o u s  s i t e s  and swol len w i t h  so l ven t ,  an adequate 
phys i ca l  network can be env is ioned f o r  t he  t r a n s p o r t  o f  so lu te.  +It i s  apparent i n  
env i s ion ing  t h i s  network as a I l s o l i d  g e l "  t h a t  t h e  v e l o c i t y  o f  H 
w i l l  be s t e r i c a l l y  hindered and i f ,  as seems l i k e l y ,  t h e  v e l o c i t i e s  o f  ions i n  I1gel" 
s t r u c t u r e s  i s  a f u n c t i o n  o f  t h e  increased v i s c o s i t y  o f  t h e  i n t e r n a l  so lvent  phase 
(Reference 9) then i t  fo l l ows  t h a t  t h e  Stokes f r i c t i o n a l  res i s tance  t o  f low 

ion i n  t h i s  network 

where 
F = 673qr 

7 = v i s c o s i t y  
r = rad ius  o f  m i g r a t i n g  p a r t i c l e  

should be increased producing slower i o n i c  m i g r a t i o n  whether the forces a r e  p u r e l y  



those o f  d i f f u s i o n  o r  e l e c t r o m i g r a t i o n .  I n  t h e  case o f  e l e c t r m i g r a t i o n ,  t h i s  re -  
t a r d a t i o n  w i l l  be mani fested b y  lower i o n i c  m o b i l i t i e s .  
m o b i l i t y  o f  H 
t o  a v e l o c i t y  o f  H i o n  i n  s u l f o n a t e d  pheonolformaldebyde r e s i n  o f  about 19 x 
cm/sec. (Reference 9). 

For example, t h e  i o n i c  
ion+in an aqueous e l e c t r o l y t e  i s  about 362 x cm/sec. i n  c o n t r a s t  

I f  one accepts as an o p e r a t i n g  bas is  t h a t  t h e  SMFC i s  now u t i l i z i n g  t h e  optimum 
c a t a l y s t s  ob ta inab le  f o r  t h e  H - 0 system and t h a t  opera t ing  vo l tages  much 
g r e a t e r  than 0.93 V a r e  n o t  1 i z e l y  $0 be obta ined (Reference IO), (a f a c t  t h a t  t h e  
w r i t e r  concurs i n  as a r e s u l t  o f  h i s  experience i n  development o f  Hz - O2 f u e l  c e l l s ) ,  
then t h e o r e t i c a l l y  t h e  n e t  power t h a t  can be obta ined w i l l  be a f u n c t i o n  o f  t h e  i o n i c  
m o b i l i t y  o f  t h e  H i o n  over  a g iven t r a n s i t  th ickness.  

Approximate c a l c u l a t i o n s  may be of some value i n  g u i d i n g  us w i t h  respect  t o  the  
l i m i t i n g  c u r r e n t  d e n s i t i e s  t h a t  can be achieved i n  a leached H+ t r a n s p o r t  system. Us- 
i ng  the  approach o f  Kortum and Bockr is  (Reference 1 1 )  and Sp ieg le r  and Coryel I (Refer- 
ence IZ), t h e  l i m i t i n g  c u r r e n t  d e n s i t y  o f  a leached membrane system may be d e f i n e d  as 

where 

$ =  

zi = 

A =  

i L  . - 

R =  

F =  

c =  
- 

th ickness  o f  d i . f fus ion l a y e r  
cons t a n  t 
va 1 ence 

Faraday 
i o n i c  m o b i l i t y  
g. ions/mole 
l i m i t i n g  c u r r e n t  

S u b s t i t u t i n g  appropr ia te  va lues 

6 = th ickness  o f  d i f f u s i o n  l a y e r  = th ickness  o f  
membrane = 0.0165 cm. 

- 1  2 
= OS1'H+ s o l u t i o n  = 35 ohms c m  H+ membrane 

C = 0.6 g. i o n / l i t e r  

2 we f i n d  1 = C. 330 ma/cm 
L 

The w r i t e r  recognizes t h a t  equat ion (2) holds s t r i c t l y  f o r  cases a t  i n f i n i t e  
d i l u t i o n  and tha t  endosmotic t r a n s f e r  o f  water  has no t  been considered, bu t ,  f o r  our 
purposes t h e  approx imat ion i s  s u f f i c i e n t .  

Another means o f  c o r r o b o r a t i n g  t h e  order  of magnitude o f  I L  i s  t o  use exper i -  
mental data o f  res is tances  o f  membranes i n  t h e  H 
c u r r e n t  d e n s i t y  l i m i t s .  The data presented by Grubb (Reference 13) on t h e  s p e c i f i c  
res is tance o f  ion exchange membranes y i e l d s  on Ohms Law c a l c u l a t i o n  f o r  a membrane 
th ickness  o f  0.0165 cm. c u r r e n t  d e n s i t i e s  i n  the  range o f  400 ma/cm2. F i n a l l y ,  i t  
i s  of va lue t o  no te  t h a t  Maget (Reference 6), i n  h i s  e x t r a p o l a t i o n s  o f  l i m i t i n g  cur-  
ren t  d e n s i t y  f o r  SMFC,projects va lues o f  t h e  order  o f  500 ma/cm2. 

form i n  c a l c u l a t i n g  achievable 

It can be assumed, based on t h e  preceding approximations, t h a t  h i g h  c u r r e n t  
d e n s i t i e s  a r e  achievable b y  t h e  SMFC and indeed l a b o r a t o r y  evidence (Reference 14) 
i n d i c a t e s  t h a t  such i s  t h e  case i n  s i n g l e  c e l l  t e s t  u n i t s .  
i n i t i a t e  t h i n k i n g  o f  t h i n  ion membranes ( .02 cm) as d i f f u s i o n  b a r r i e r s  through which 
i n  theory,  la rge  amounts o f  c u r r e n t  can f < ow i n  a fash ion  analogous t o  t h e  t h i n  d i f -  
fus ion  b a r r i e r s  r e s u l t i n g  from s t i r r e d  e l e c t r o l y t e s .  

It may then be v a l i d  t o  

P 

I 

II 

f '  
rJ 

. 



17 5 
Candidly,  w h i l e  t h e  preceding analysis. i s  o f  i n t e r e s t  i n  smal l ,  s i n g l e  c e l l  

t e s t  con f i gu ra t i ons ,  engineer ing fac to rs  have played a c r i t i c a l  r o l e  i n  1 i m i t i n g  
the  achievement o f  h igher  power dens i t i es  i n  m u l t i p l e  f u e l  c e l l  con f i gu ra t i ons .  
F i r s t l y ,  t h e  necess i ty  o f  un i fo rm rap id  water removal a t  h i g h  c u r r e n t  d e n s i t i e s ,  
which must be performed b y  gas c i r c u l a t i o n  or  a c m b i n a t i o n  o f  condensat ion and 
c a p i l l a r y  wick a c t i o n  i s  unsa t i s fac to ry .  (Reference 8). I n a b i l i t y  t o  remove water 
un i fo rm ly  and r a p i d l y  enough can cause vo l tage f l u c t u a t i o n s  i n  i n d i v i d u a l  c e l l s  and 
can i n  f a c t  "drown" e lect rodes causing f a i l u r e .  Another important engineer ing 
problem i s  t h e  removal o f  heat generated i n  the  membrane. The removal of heat can 
be performed i n  a number o f  ways, bu t  i n  a l l  cases invo lves t r a n s i t  through a gase- 
ous phase. I n  any case, i t  i s  our c o n v i c t i o n  t h a t  i f  the  heat generated could be 
conducted i n t o  a f l u i d  medium, t h e  heat t r a n s f e r  cons ide ra t i ons  r e l a t e d  t o  the 
. r a p i d i t y  o f  heat removal and energy expended f o r  such t r a n s f e r  would be more favor-  
ab le  from o v e r a l l  systems considerat ions.  It i s  in terest i ,ng t o  no te  t h a t  i n  l a r g e r  
power sources, t h a t  heat t r a n s f e r  f l u i d s  w i l l  most l i k e l y  be in t roduced t o  c a r r y  
away l a r g e  q u a n t i t i e s  o f  waste heat. 

1.2 Hydrogen-Bromine Fuel C e l l  

/ 

The Hydrogen-Bromine Fuel Ce l l  (HBFC), a secondary fue l  c e l l  device,  (Refer- 
ence 2) represents an at tempt a t  overcoming the  engineer ing d i f f i c u l t i e s  inherent  i n  
one aspect o f  t h e  SMFC, p a r t i c u l a r l y  heat t r a n s f e r  problems. 
heat t r a n s f e r  c o e f f i c i e n t s  o f  02, H2  and H20 inhandbooks i nd i ca tes  t h e  advantages o f  
using an aqueous system such as the bromine - hydrobromic a c i d  s o l u t i o n  i n  water t h a t  
serves as a c a t h o l y t e  f o r  the HBFC. 

oxygen e lec t rode  i n  the  &FC. 
loss o f  0.35 V - 0.40 V occurs a t  t h e  oxygen e lec t rode  i n  t h e  SMFC. 
experimental data (Reference 2 ,  15, 16) show t h a t  losses due t o  a c t i v a t i o n  Overvol tage 
f o r  the HBFC on d ischarge should f o l l o w  t h e  equat ion 

A comparison o f  t h e  

I n  a d d i t i o n  t h e  B r  /Br -  e lec t rode  isa  h i g h l y  r e v e r s i b l e  couple compared t o  t h e  
Oster (Reference 14) i nd i ca tes  t h a t  a c e r t a i n  a c t i v a t i o n  

Ca lcu la t i ons  and 

where 

77 = a c t i v a t i o n  over vo l tage  
2 i = c u r r e n t  dens i t y  i n  amps/cm 

Therefore,  a t  100 amps/cm2 on a p l a i n  e lec t rode  surface, t h e  a c t i v a t i o n  Overvol tage 
f o r  reduct ion o f  B r  t o  Bromide ion  i s  equal t o  -.OS V. 2 

I t  should be recognized however, t ha ta  disadvantage o f  t he  B r  / B r -  couple i s  t h a t  
the equiva lent  weight o f  B r 2  i s  cons iderably  g rea te r  than 02, an important cons ide ra t i on  
i n  a p r a c t i c a l  engineer ing sense. This  i s  m i t i g a t e d  t o  some ex ten t  by o the r  consider-  
a t ions.  For instance, when e l e c t r i c a l  regenerat ion o f  secondary f u e l  c e l l s  i s  c a l l e d  
f o r ,  t h e  h igher  vo l tage  e f f i c i e n c y  o f  t he  HBFC requi res less weight  o f  s o l a r  c e l l s  f o r  
recharging than a c m p a r a b l e  secondary SMFC. 

2 

Once again our a n a l y s i s  o f  t he  maximum current  d e n s i t y  l i m i t a t i o n  w i l l  be based 
on the membrane as the l i m i t i n g  fea tu re  o f  t h e  fue l  c e l l  and assuming t h a t  t he  anode 
and cathode a re  n o t  l i m i t i n g  w i t h  respect t o  cu r ren t  d e n s i t i e s .  

A c lose r  l o o k  a t  t h e  i o n i c  species invo lved i n  t h e  performance o f  t h i s  c e l l  i s  
warranted be fo re  proceeding f u r t h e r  inasmuch as  t h i s  i s  an' important f ac to r  i n  de te r -  
mining p r a c t i c a l  c e l l  performance. The o v e r a l l  r eac t i on  o f  t h e  c e l l  i s  

H2 + B r 3 -  e 2H' + 3 B r -  Eo = 1 .Os6 (4) 
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The vo l tage  o f  the c e l l  i s  determined by the  .Nernst r e l a t i o n s h i p  

c 

- 
Equat ion (5) impl ies t h a t  t h e  major p o r t i o n - o f  t h e  Jr2 e x i s t s  i n  s o l u t i o n  as B r  
Since the  e q u j l i b r i u m  cons tac t  f o r  B r  
s t a n t  f o r  B r  + B r  e i s  0.055, I t  appear2 t h a t  a t  concentrat ions i n  the 
a p p l i c a b l e  c 2 t h o l y t g  rangEr5H'= 6, B r '  = 6, B r 2  = 1 - 2, t he  assumntion i s  u s t i f i e d  
b y  a few s imple c a l c u l a t i o n s  e .g . ,  a t  B r 2  = 1 ,  B r  

Proceeding onward t o  exp lo re  t h e  nature o f  t he  discharge process a t  t he  anode, 
i t  can be seen t h a t  t h e  i dea l  s i t u a t i o n  i s  where o n l y  H+ and B r -  are i n  the membrane 
and B r  i s  excluded. I f  t h i s  i s  t h e  case t + + t - = 1 and hydrogen ion formed 
a t  the3anode i s  n e u t r a l i z e d  b y  Br - .  Clearly! i f  B r  !'can d i f f u s e  i n t o  the membrane 
and m ig ra te  toward t h e  anode,loss o f  e l e c t r i c a l  ene?gy can r e s u l t  from the reac t i on  
o f  hydrogen and bromine complex a t  t he  noble metal c a t a l y s t  e lect rode.  It i s  exac t l y  
t h i s  problem t h a t  Berger and co-workers (Reference 2) found t o  be a l i m i t i n g  f a c t o r  
i n  c e l l  l i f e .  A r e f o r m u l a t i o n  o f  t h e  membrane i n  order  t o  decrease t h e  mean i n t r a -  
molecular  diameter o f  t h e  membraile was successful  i n  l i m i t i n g  t h e  d i f f u s i o n  o f  B r  
i n t o  t h e  membrane and l e d  t o  long c y c l  ing 1 ines o f  g rea te r  than 9000 charge-discharge 
cyc les.  

One marked d i f f e r e n c e  between t h e  SMFC and the HBFC i s  t h a t  t he  major t ranspor t  
i n  the  l a t t e r  i s  a f u n c t i o n  o f  imbibed H B r  r a t h e r  than t h e  H+ i o n  i n  e q u i l i b r i u m  w i t h  
the f i x e d  i o n i c  s i t e s  i n  t h e  i o n  exchange membrane. 
2N B r  c a t h o l y t e  s o l u t i o n  a r e  i n  e q u i l i b r i u m  w i t h  a c a t i o n  membrane and i f  we assume 
t h a t  $he m i g r a t i o n  o f  B r 2  i n t o  the membrane i s  s t r o n g l y  hindered, then an i m b i b i t i o n  
o f  2-3 m i l l i e q u i v a l e n t s  o f  H B r  per m i l l i l i t e r  o f  membrane volume can be assumed (Refer- 
ence 17). 

. 
i s  17 and t h e  e q u i l i b r i u m  cdn- + B r - B r  

i, = 0.99 and B r  - = 6.10' . 3 5 

Let  us assume t h a t  6N H B r  and 

I f  we assume as p r e v i o u s l y  discussed above t h a t  t h e  l i m i t i n g  f a c t o r  i n  I L  i s  
t he  membrane i t s e l f  then we can setup a s e r i e s  o f  l i m i t i n g  cond i t i ons .  
e l e c t  rode 

For the  bromine 

o r  

where 

4 2 Id = 1.8 (IO-') C amp/cm (Reference 16) 
,! 

2 D = 4.10-5 cm /sec 
n = 2 e l e c t r o n s  . 
F = 96,500 coulombs per equiva lent  
t a 0.15 (max) . 
d = 0.05 cm. (max) 

A t  s o l u t i o n  normal i t y  o f  6N we have an a c t i v i t y  o f  about 2-3 (Reference 18) 
and t h e r e f o r e  could expect a l i m i t i n g  cu r ren t  d e n s i t y  o f  about 360-540 ma/crn2 even 
w i t h o u t  cons ide r ing  s u r f a c e  roughness factors.  The su r face  f a c t o r  assumption i s  
reasonable s ince  smooth p l a t i n u m  was u t i l i z e d  f o r  t h e  cathode. 
ana lys i s  o f  t h e  l i m i t i n g  c u r r e n t  a t  t h e  membrane-anode in te r face .  

We now t u r n  t o  an 

Presuming t h a t  t he  hydrogen e lec t rode  has i t s  d i f f u s i o n  l aye r  i n  the form o f  
a membrane w i t h i n  which c a t a l y s t  i s  imbedded, the  d i f f u s i o n  b a r r i e r  w i l l  be a membrane 
i n t o  which H+ ion i s  d ischarged and which must be  n e u t r a l i z e d  w i t h  e lec t rom ig ra t i ng  
B r - .  The c a l c u l a t i o n  o f  t h e  l i m i t i n g  cu r ren t  f o r  t he  hydrogen e lec t rode  may be ex- 
pressed as 

7 

1 
I 

f 
1 

I 
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2 D = 4 x cm /sec (Reference 16) 
n a  1 
F = Faraday 

t+ = .85 
d = .0165 cm. 

Making t h e  assumption t h a t  t h e  concen t ra t i on  o f  HBr i n  t h e  membrane has a 1 i m i t i n g  
va lue o f  about 2.5 m.e. o f  H B r  per m l  o f  res in .  The a c t i v i t y  c o e f f i c i e n t  o f  2.5 N 
HBr i s  about 1.2 and t h e r e f o r e  an e f f e c t i v e  a c t i v i t y  o f  2.04. S u b s t i t u t i n g  t h i s  
va lue i n t o  ( 1 1 )  1 

Both o f  t h e  l i m i t i n g  cu r ren ts  der ived f o r  t h e  bromine e l e c t r o d e  and t h e  hydrogen 

325 ma/cm2. d 

e lec t rode  a r e  deemed t o  be w i t h i n  conservat ive l i m i t s ,  e.g., t h e  roughness fac to rs  
have been assumed t o  be one. 

1.3 Dual Membrane Fuel C e l l  

The u l t i m a t e  extens ion o f  t h e  combinat ion o f  t h e  membrane and e l e c t r o l y t e  so- 
l u t i o n  i s  found i n  t h e  DMFC where t h e  hydrogen and t h e  oxygen e lec t rodes  a r e  bo th  
placed against  c a t i o n  membranes and a 6N H2S04 ac id  s o l u t i o n  in terposed between t h e  
membranes. It i s  c l e a r  t h a t  i f  we once again make t h e  assumptions t h a t  i o n i c  d i f -  
f us ion  i n  the  membrane i s  l i m i t i n g ,  t h a t  l i m i t i n g  c u r r e n t  c a l c u l a t i o n s  may be per- 
formed f o r  b o t h  membranes. 

o r  

4 x x 1 x 96,500 x C 
0.15 x 0.0165 x IO3 I d  

L 
Id = .I56 C 

The assumptions made i n  t h i s  case a r e  s i m i l a r  t o  those i n  t h e  HBFC. It i s  
assumed t h a t  the  d i f f u s i o n  c o e f f i c i e n t  w i l l  be equ iva len t  t o  o r  l ess  than HBr, t h a t  
t he  t ransference number o f  H+ i s  5 1  i g h t l y  g rea te r  than f o r  t he  HBFC, and we have 
also made t h e  assumption t h a t  s i m i l a r  q u a n t i t i e s  o f  H SO a r e  imbibed bu t  t h a t  t h e  
a c t i v i t y  o f  2-3N H2S04 i s  much lower (Reference 20). 'Thtre i s  one f a c t o r  here how- 
ever ,  which i s  not present i n  HBFC. A f i l m  o f  water forms a t  t h e  oxygen cathode, 
the  tendency o f  which i s  t o  m ig ra te  i n t o  t h e  6N l i q u i d  e l e c t r o l y t e  between t h e  mem- 
branes. I n  p rac t i ce ,  i n t e r e s t i n g l y  enough t h i s  i s  borne ou t  b y  t h e  f a c t  t h a t  a l l  o f  
t he  water formed i s  found u l t i m a t e l y  i n  t h e  c e n t r a l  compartment. The f i l m  o f  water 
which forms can not be removed as r a p i d l y  as i n  t h e  case o f  t h e  SMFC because o f  t h e  
counter  osmot ic forces i n  t h e  membrane tending t o  draw t h e  water  toward t h e  c e n t r a l  
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e l e c t r o l y t e  compartment. The presence o f  t h i s  water f i l m  causes s i g n i f i c a n t  1K 
losses and i s  a l i m i t i n g  f a c t o r  i n  t h e  operat ion o f  t h e  DMFC. 

2.0 Engineer ing Cons ide ra t i on  

The approximations presented above w i t h  re ference t o  cu r ren t  d e n s i t y  1 i m i t a t i o n s  
a r e  no more than t a r g e t  areas which could be achieved i f  c e r t a i n  p r a c t i c a l  consider-  
a t i o n s  a r e  overcome. What then i s  t h e  present stage o f  achievement o f  these t h r e e  
d i f f e r e n t  fue l  c e l l s .  A graph o f  a t t a i n a b l e  operat ing c h a r a c t e r i s t i c s ,  based on a- 
v a i l a b l e  pub l i ca t i ons  f o r  these s i n g l e  fue l  c e l l s  i s  shown i n  F igu re  2. [References 
14, 21, 22, 2, 23). 

2.1 S ing le  Membrane Fuel C e l l  

The SMFC shows t h e  most advanced opera t iona l  c a p a b i l i t y ,  one o f  t h e  obvious 
reasons f o r  t h i s  be ing t h a t  a g rea t  deal more research and development has been com- 
m i t t e d  t o  t h i s  concept.  
achieved, a number o f  p r a c t i c a l  l i m i t a t i o n s  appear t o  l i m i t  gains f o r  t h e  SMFC i n  
m u l t i p l e  fue l  c e l l  con f i gu ra t i ons .  

A l though c u r r e n t  d e n s i t i e s  as h igh  as 150 ma/cm2 have been 

1.  Water removal f rom t h e  area o f  t he  oxygen e lec t rode  must be care-  
f u l l y  c o n t r o l l e d  s o  t h a t  enough water  i s  removed from each c e l l  o f  
a m u l t i p l e  c e l l  u n i t  t o  keep the  e lec t rode  from drowning o r  more 
p r a c t i c a l l y  t o  keep a l l  s i n g l e  c e l l  vo l tages i n  a m u l t i p l e  s e r i e s  
con f igu ra t i on  f rom w i d e l y  d i ve rg ing  and tending t o  i n s t a b i l i t y  o f  
c e l l  output  (Reference 24). 

The removal o f  water  from t h e  e lec t rode  surface i n  t h e  present  
apparatus i s  accomplished b y  t h e  condensation on a b i p o l a r  c e l l  
separator o f  t h e  mo is tu re  from t h e  e lec t rode  surface. Mechanical ly,  
t he  p o t e n t i a l  f o r  water  removal i s  suppl ied by a d i f f e r e n c e  i n  temper- 
a tu re  (C. 5-1OoF) between t h e  e lec t rode  surface and t h e  c e l l  sepa- 
ra to r .  I t  can be seen t h a t  t he  r a t e  o f  product removal f rom t h e  
reac t i on  s i t e  w i l l  vary  w i t h  the  temperature d i f f e r e n t i a l ,  t h e  gas 
temperature and content  o f  gas chamber and fac to rs  r e l a t e d  t o  the  
heat removal system. In 1 i gh t  o f  these compl icated engineer ing 
problems, t h e  w r i t e r  p r o j e c t s  t h a t  cu r ren t  d e n s i t i e s  o f  about 
50-75 ma/cm2 at n.78-n.?2 \! 2p:eer tc be -c'.i-,*:=b!c i:, E U ! : : ~ : B  

un i t s  w i t h i n  t h e  nex t  18-24 months bu t  i t  i s  no t  l i k e l y  t h a t  oper- 
a t i n g  cu r ren t  d e n s i t i e s  o f  g rea te r  than 100 ma/cm2 w i l l  be  achieved 
w i t h i n  the  nex t  36 months unless important break-throughs i n  engi -  
neer ing know-how occurs. Th is  does not appear t o  be an  impor tant  
l i m i t a t i o n ,  s i n c e  i t  i s  l i k e l y  t h a t  opera t iona l  cu r ren t  d e n s i t i e s  
i n  t h e  range o f  25-35 ma/cm2 w i l l  s u f f i c e  f o r  space missions such 
as o r b i t a l  manned f l i g h t s .  

2. 40-50% of  t h e  t o t a l  energy generated i n  the  SMFC r e s u l t s  i n  heat 
which must b e  d i ss ipa ted .  This can be e f fec ted  by  heat t r a n s f e r  
through metal c e l l  separators  w i t h  r a d i a t i v e  heat l o s s  t o  space or 
the  r e c i r c u l a t i o n  o f  f ue l  gas ( H  ) t o  p ickup heat and mo is tu re  w i t h  2 subsequent cool ing and condensation and f i n a l l y  t he  use o f  a separate 
1 i qu id  c i r c u l a t i o n  system t o  remove heat from t h e  separator  p l a t e  area. 
I f  the  l a s t  approach i s  used f o r  u n i t s  i n  the  1-5 Kw range (Reference 
25) then  i t  appears t h a t  t h e  weight and volume o f  the c i r c u l a t i o n  sys- 
tem would a t  l e a s t  equal t h e  e l e c t r o l y t e  inventory  requ i red  i n  the  
HBFC or the  DMFC. I n  add i t i on ,  i n  con t ras t  t o  t h e  DMFC, the  water 
recovery system f o r  t h e  SMFC requ i res  a separate subsystem f o r  t rans-  
p o r t  and recovery o f  water ,  an important f ac to r  i n  decreasing o v e r a l l  
r e l i a b i l  i t y  and i n  adding weight t o  the  system. 

i:  
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3. R e p r o d u c i b i l i t y  and t h e  q u a l i t y  c o n t r o l  appears t o  be an important 

engineer ing area where more research must be  performed. The leached 
membrane used i n  the  SMFC must have an absolute homogeneity o f  phys i -  
c a l  and chemical c h a r a c t e r i s t i c s  i n  order  t o  avo id  areas o f  in tense 
heat ing and uneven water format ion and removal. Th i s  i s  avoided t o  
a g rea t  ex ten t  b y  HBFC and DMFC s ince  the  e l e c t r o l y t e  imbibed b y  the  
membranes i n  t h i s  system serves as a l e v e l i n g  f a c t o r  f o r  phys i ca l  
p roper t i es  and water balance problems. 

2.2 Hydrogen-Bromine Fuel C e l l  

The HBFC l i m i t i n g  d i f f u s i o n  cu r ren t  i s  h igh  as i nd i ca ted  i n  b300 ma/cmg and when 
used, as i s  commonly the  case, as a secondary b a t t e r y  charge, acceptance e f f i c i e n c y  
i s  h igh  compared t o  the  H - O2 system. Th is  i s  due t o  the  cons ide rab le  i r r e v e r s i -  
b i l i t i e s  encountered on czarg ing a leached H2 - O2 SMFC system compared t o  the  HBFC 
where overvo l tage i s  a minor considerat ion.  I n  p r a c t i c a l i t y  t h i s  c a l l s  f o r  20-300/, 
greaterpower iequirement f o r  recharging a t  a g iven cu r ren t  d e n s i t y  (Reference 2 ) .  
The major f a c t o r  which has he ld  back the  rap id  development o f  t h i s  concept has been 
the  l ack  o f  sol i d  advances i n  membrane technology. Recent ly,  however, (Reference 2) 
advances have been made which auger we l l  f o r  t he  development o f  t h i s  c e l l .  I t  w i l l  
cont inue t o  s u f f e r ,  however, f rom one bas i c  l i m i t a t i o n .  
m ig ra t i on  o f  B r 2 ,  o r  B r  
must be made less  porouz, i.e., d i f f u s i v i t y  must be decreased. T h i s  w i l l  lead t o  
lower l i m i t i n g  cu r ren t  d e n s i t i e s  as a r e s u l t  o f  decreased i o n i c  m o b i l i t y  and cause 
higher I R  drops. i t  t h e r e f o r e  seems u n l i k e l y  t h a t  e f f e c t i v e  opera t i on  o f  g rea te r  
than 50-60 ma/cm2 a t  0.62 V-0.57 V w i l l  be achieved i n  m u l t i p l e  c o n f i g u r a t i o n s  o f  
HBFC i n  t h e  nex t  36 months. The maximums could probably be improved b y  30-50% i f  
s u b s t a n t i a l l y  more e f f o r t  i s  devoted t o  t h i s  type o f  dev ice than i s  p r e s e n t l y  contem- 
plated. I t  i s  l i k e l y  i n  f a c t  t h a t  f ue l  c e l l  op t im iza t i on  s tud ies  w i l l  i n d i c a t e  t h a t  
values o f  about 30 ma/cm2 and 0.72 V are  more approp r ia te  f o r  des ign considerat ions 
a t  t he  present t ime. Since, however, t h i s  ou tpu t  i s  good f o r  a secondary b a t t e r y ,  
s o l i d  p r a c t i c a l  achievements ( o r b i t a l  unmanned missions) may be a n t i c i p a t e d .  

In o rde r  t o  prevent  t h e  
more accurate ly ,  t h e  network o f  t h e  i o n  membrane fue l  c e l l  

2.3 Dual Membrane Fuel Ce l l  

A number o f  f ac to rs  i n d i c a t e  the  advantages possessed b y  t h e  DMFC. The mem- 
branes a re  c o n t i n u a l l y  i n  e q u i l i b r i u m  w i t h  6N H SO 
re la ted  t o  water balance and d r y i n g  o f  membrane? ( i L fe rence  21). 
moval o f  generated heat can be e f f i c i e n t l y  performed by  c i r c u l a t i o n  o f  t h e  e l e c t r o l y t e .  
F i n a l l y ,  s ince  water formed a t  t he  cathode migrates i n t o  t h e  c e n t r a l  e l e c t r o l y t e  res- 
e r v o i r ,  (Reference 3) we e s s e n t i a l l y  e l im ina te  the  water  t r a n s f e r  system requ i red  i n  
t h e  SMFC, e l i m i n a t e  complex i ty  and increase re1 i a b i l  i t y .  

thereby e l i m i n a t i n g  problems 
Moreover, t h e  re -  

Factors det r imenta l  t o  t h e  achievement o f  h igher  ope ra t i ng  c u r r e n t  d e n s i t i e s  i n  
the  dev ice a re  t h e  good p r o b a b i l i t y  o f  t he  low a c t i v i t y  o f  e q u i l i b r a t e d  H SO4 i n  the  
membrane thereby lowering t h e  c o n d u c t i v i t y  s u b s t a n t i a l l y  as compared t o  H 8 r  o f  t h e  
same concentrat ion i n  t h e  membrane and also,most i m o r t a n t l y ,  t he  format ion o f  a water 
f i l m  on the  oxygen electrode-membrane interface,suggests J l i m i t i n g  f a c t o r ,  t he  d i f f u -  
s ion  r a t e  o f  t h e  water from the  i n te r face  i n t o  the  membrane and t h e  c e n t r a l  rese rvo i r .  
The water f i l m  appears t o  have a d e f i n i t i v e  means o f  leav ing  t h e  area o f  t he  oxygen 
e lect rode b y  o rd ina ry  mass d i f f u s i o n a l  processes. I f  one assumes a d i f f u s i o n  constant 
o f  an order equiva lent  t o  t h a t  used i n  c a l c u l a t i n g  l i m i t i n g  c u r r e n t s  i n  membranes and 
tak ing  i n t o  account the  amb igu i t i es  i n  working w i t h  a c t i v i t i e s  a t  membrane in te r faces ,  
then a r a t e  o f  m i g r a t i o n  o f  water  o r  more p roper l y  H2S04 up t o  t h e  O2 e lec t rode  o f  
about 8-16 ma/cm2 f o r  a membrane .OS0 cm t h i c k  can be ca l cu la ted ,o r  values o f  about 
2 4 4 8  ma/cm2 f o r  membranes .0165 cm t h i c k .  
value agrees r a t h e r  w e l l  w i t h  t h e  r e s u l t s  obtained du r ing  t h e  course o f  a research 
program re la ted  t o  the  DMFC (Reference 3) .  
branes and w i t h  s u f f i c i e n t  development, cu r ren t  d e n s i t i e s  o f  40-50 ma/cm2 a t  .67 - .6j v 

I t  i s  i n t e r e s t i n g  t o  no te  t h a t  the  former 

It appears l i k e l y  t h a t  us ing  th inne r  mem- 



180 

can be achieved i n  m u l t i p l e  c o n f i g u r a t i o n  w i t h i n  t h e  next  few years. Poss ib le  im-  
provements i n  t h i s  area might  r e s u l t  f rom operat ing a t  h igher  temperatures o r  the  
removal o f  water  v i a  gas c i r c u l a t i o n .  O f  note here, however, i s  t h a t  because o f  t h e  
s i m p l i c i t y  and ruggedness o f  t h i s  fue l  c e l l ,  t h a t  fue l  c e l l  u n i t s  have been o f f e r e d  
t o  i n d u s t r y  and government s i n c e  1962, (Reference 21). 

3.0 Summation 

The w r i t e r  has taken o p e r a t i n g  parameters t h a t  he f e e l s  may be achieved w i t h i n  
the  nex t  I8 months f o r  m u l t i p l e  f u e l  c e l l s  o f  t h e  th ree  general c lasses o f  devices 
discussed i n  t h i s  paper b e a r i n g  i n  mind t h a t  one o f  them, HBFC, i s  fundamental ly used 
as a secondary b a t t e r y .  O f  p a r t i c u l a r  i n t e r e s t  a r e  p r o j e c t i o n s  o f  approximate weight  
volumes and power d e n s i t y  based on p r o j e c t i o n s  o f  reasonable v o l t a g e  and c u r r e n t  densi- 
t i e s .  These a r e  found i n  T a b l e  1 .  

3 2 Thickness 
Type Vol tage Amp/ft ( inches)  Pounds/ftZ Volume(ft ) w a t t s / f t  K w . / f t 3  Wat ts / lb  

SM FC 9 72 75 .205 

DM FC .72 30 .194 

HBFC .72 30 .165 

T a b l e  

I t  i s  impor tant  t o  r e i t e r a  

40.2 3.2 1.37 .0171 55.0 

.0162 21.6 1.33 10.97 1.97 

1.67 .0138 21.6 1.56 12.92 

. Volume and Weight Factors  

e the bas is  on which t h e  c a l c u l a t i o n s  were made. 

1.  The weights and dimensions r e f e r  t o  a u n i t  c e l l  w i t h  no i n s t r u -  
mentation, e l e c t r o l y t e  holdup, water removal or any o t h e r  system 
f a c t o r s  considered. For instance,  i t  i s  c l e a r  t h a t  i n  long 
miss ions r e q u i r i n g  pr imary  c e l l s ,  the  increased weight  o f  f u e l  
needed w i l l  tend t o  improve markedly t h e  wat t  hours/ lb  obta ined 
f rom the  system. I t  i s  because o f  t h i s  v a r i a b i l i t y  o f  missions 
;,, a,,ycc, l a , l u ,  SIX L i i a L  IIU dLLt3 I IC )L  i las  been made 
t o  go beyond t h e  u n i t  c e l l  s t r u c t u r e  i n  ana lys is .  Table 2 how- 
ever ,  should b e  o f  v a l u e  as a general s t a r t i n g  p o i n t  f o r  systems 
a n a l y s i s  and i s  presented i n  t h e  non-metrical u n i t s  f o r  engi -  
neer  i ng conven i ence. 

The SMFC and DMFC a r e  pr imary  c e l l s  and t h e r e f o r e  no t  s t r i c t l y  
comparable w i t h  HBFC. 

The SMFC has been t h e  s u b j e c t  o f  a f a r  g rea ter  investment o f  
t i m e  and e f f o r t  than e i t h e r  t h e  DMFC or the  HBFC. I t  i s  almost 
c e r t a i n  t h a t  t h e  va lues  o f  w a t t s / l b  and K w a t t s / f t 3  f o r  t h e  
l a t t e r ,  t w o  would inc rease b y  a f a c t o r  o f  2-4 t imes w i t h  an in -  
t e n s i v e  development e f f o r t .  P r o j e c t i o n s  made i n  t h i s  paper as- 
sume t h a t  t h e  development o f  n e i t h e r  t h e  DMFC nor HBFC w i l l  be 
at as h igh a l e v e l  i n  t h e  nex t  th ree  years as has been t h e  case 
w i t h  t h e  SMFC. 

. ^  ----- -- I - - >  - -  .- I L .  

2. 

3.  

L i t t l e  has been s a i d  about  quasi-membrane systems, such as g e l l e d  e l e c t r o l y t e s  
and e l e c t r o l y t e s  absorbed i n  m a t e r i a l s  such as asbestos. I n  genera l ,  i t  i s  our f e e l i n g  
t h a t  w i t h  regard t o  gas p e r m e a b i l i t y ,  r e t e n t i o n  o f  e l e c t r o l y t e s  under a c c e l e r a t i v e  o r  
v i b r a t i o n a l  fo rces ,  removal o f  waste water  and heat  t h a t  such systems are  as yet  un- 
proven compared t o  i o n  membrane f u e l  c e l l s .  T h i s  i n  no sense i n d i c a t e s  however, t h a t  
systems such as H2 - O2 regenerable f u e l  c e l l  w i t h  asbestos e l e c t r o l y t e s  (Reference 26) 
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o r  o t h e r  pr imary systems (Reference 27) may no t  come t o  f r u i t i o n  i n  t h e  fu tu re .  k 
It may be o f  value, hazardous though it always appears t o  be, t o  suggest poss i -  

b l e  research and development areas t h a t  appear promis ing over the  next  few years. 

i 

\ 

1 

1. F i r s t l y ,  i t  i s  o f  some value due t o  advances i n  producing t h i n n e r  
membranes (Reference 5) t o  regard t h e  membrane as less o f  a s t r u c -  
t u r a l  e l e c t r o l y t e  and more as a d i f f u s i o n  b a r r i e r  up aga ins t  an 
e lect rode.  I n  t h i s  conceptual framework we f i n d  t h a t  t h e  membrane 
f o r  instance, can be regarded as a means f o r  producing low c o s t  
porous e lect rodes s ince  t h i n  membrane b a r r i e r s  w i l l  lessen t h e  
need f o r  the e legant  procedures used a t  present f o r  p repara t i on  of  
metal and carbon e lect rodes.  Moreover, such combined e l e c t r o d e  
membrane systems could be used i n  var ious e l e c t r o l y t e s .  F i n a l l y ,  
i f  very t h i n  membranes a re  used (&.Ol)cm., t he re  should be 
l i t t l e  d i f f i c u l t y  i n  even tua l l y  s u s t a i n i n g  c u r r e n t  d e n s i t i e s  i n  
excess o f  200 ma/cm2 a t  reasonable vo l tage  leve ls .  

temperature range (100 - 20OoC) s o l i d  e l e c t r o l y t e s  bo th  as c a t i o n i c  
and an ion i c  systems. Recent r e s u l t s  (References 28, 29) i n d i c a t e  
t h a t  n ve l  inorganic  systems have achieved res is tances o f  2-3 
ohm cm? a t  115OC. 

2. Inorganic  membrane systems have s t rong  p o t e n t i a l  as in termediate 

3.  Research re levan t  t o  a t t a i n i n g  a h i g h  l e v e l  o f  q u a l i t y  c o n t r o l  
for membranes and membrane e lec t rode  assemblies would appear t o  
be o f  much va lue  i n  promoting t h e  commerical manufacture o f  m u l t i -  
p l e  u n i t  c e l l s .  

4. The e x p l o r a t i o n  o f  t he  advantages i n  us ing l i q u i d  ion exchangers 
would appear t o  be o f  value. 

5. Although considerable e f f o r t  has been expended i n  recent years i n  
bas ic  membrane research (References 5 ,  9, 10, 12, 1 3 ,  17, 30) in -  
t e n s i f i e d  and w e l l  planned e f f o r t s  may ye t  b r i n g  important break- 
throughs i n  t h i s  f i e l d .  

ACKNOWLEDGEMENTS: 

The w r i t e r  wishes t o  acknowledge h i s  debt t o  those i n d i v i d u a l s  who have 
been h i s  co-workers i n  the  pas t  on var ious fue l  c e l l  p r o j e c t s  - R. Lur ie ,  
H. Vik lund, V. Masse, F. L e i t t ,  S. Ja in ,  and H. P e r r y  and t o  t h e  agencies 
which have provided support  f o r  these a c t i v i t i e s ,  t he  Nat ional  Aeronaut ics 
and Space Agency and the  Uni ted States A i r  Force. The w r i t e r  a l s o  wishes 
t o  acknowledge t h e  use fu l  d iscuss ions w i t h  D r .  D. H. McClel land o f  Astropower 
re levan t  t o  t h e o r e t i c a l  cons iderat ions.  

REFERENCES: 



182 

Grubb, W. T. and Niedrach, L .  W., J: Electrochem. SOC. 107, 133 (1960) 

Berger, C., L u r i e ,  

Berger, C., Perry, H., Ja in ,  S., L e i t z ,  F., TRW Subcontract RD 236560 t o  lon ics,  
Inc., (1962 - ) 
Nepton CR-61, l on i cs ,  Inc. 

AMFion C-60, American Machine and Foundry Co. 

General E l e c t r i c  Co., Contract No. DA-36-039-AMC-00095 (E), ( 1  October 1962 - ) 
U.S.A. ERDL, F t .  Monmouth, New Jersey 

Berger, C., L u r i e ,  M. R., Shuman, R. J., and Viklund, H. J., Contract No. 
DA-44-009-ENG-4554, F ina l  Report U.S.A. Engineering Center, F t .  Be lvo i r ,  Va. 

General E l e c t r i c  Co., AF 33(616)-8159, (1961 - 1962)' 

Despic, A. and H i l l s ,  J. C., Trans. Faraday SOC. 51,  1260 (1956) 
Popat, P. V., Contract No. DA-44-009-ENG-3771, (Nov 1 ,  1959 - Nov. 30, 1961) 
Kortum G., and Bockris, J. O'M., Textbook o f  Electrochemistry Vol. 1 1 ,  P. 403 

Spiegler, K. S. and Corye l l ,  C., J. Phys. Chem., 57, 687, (1953) 
Grubb, W. T . ,  J. Phys. Chem., 63, 55, (1959) 
Oster, E. A., Ion Exchange Membrane Fuel Cel ls  - 16th Annual Power Sources 
Conference, p. 22-24 

Astropower In te rna l  Report (1963) 

Chang, F. L. and Wick, H., Z. Phys. Chem., A172, 448 (1935) 

Juda, W.,  Rosenberg, N. W., Marinsky, J. A. and Kasper, A. A., J. Am. Chem. SOC. 
74, 3736, (1952) 

Kortum G., and Bockris, J. O'M., Textbook o f  Electrochemistry Vol. I I ,  P. 661 
Kortum G., and Bockris, J. O'M., Textbook o f  E lect rochemist ry  Vol. I I ,  Page 704 

Harned, H. S . ,  and Owen, B. B., The Physical Chemistry o f  E l e c t r o l y t i c  Solut ions 
3rd Ed i t i on  No. 137 
Berger, C. - Sales Brochure - lon ics Inc., B u l l e t i n  FC- IO1 

Curve Calculated Presuming Use o f  AMFion C - 3 1 3  Membrane f o r  DMFC 

Curve Calculated Presuming Use o f  AMFion C-313 Membrane f o r  HBFC 

General E l e c t r i c  Co., AF 33(616)-8159, (1961 - 1962) 

Schanz, J. L.  and Bul lock,  E. K., ARS, Space Power System Conference, (Sept, 1962) 

NASA Contract NAS 7-7, E lec t ro -op t i ca l  Systems, Inc., Report 1 5 8 4 - I R - 1  

Wynveen, R. A. and K i r k land ,  T. G., 16th Annual Power Sources Conference, P. 24-28 

Astropower In te rna l  P r o j e c t  #8017-1 

NASA Contract NAS 7-150, Astropower, Inc. 

Gregor, H. P., J. Am. Chem. S O C . ,  73, 642, (1951) 

M. R., Viklund, H. J., Contract AF 19(604)-8508 (1960-1962) 

1 
/ 

, 

1 



ode Anod 

Single Memb lane  Hydrogen -B r omine Dual Membrane 
Fuel  Cel l  Fuel  Cell Fuel Cel l  
(SMFC) (HBFC) (DMFC) 

Figure 1 .  Three Representative Ion-Membrane Fuel Cel l s  
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Figure 2.  Comparison of Discharge Curves for SMFC, HBFC and DMFC 


